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INTRODUCTION 

O i l  s h a l e s  of pr imary i n t e r e s t  f o r  s u r f a c e  p r o c e s s i n g  Occur ma in ly  i n  t h e  
P iceance  Basin of wes te rn  Colorado. These s h a l e s  c o n t a i n ,  t y p i c a l l y ,  ten t o  2 0  
p e r c e n t  weight  of hydrocarbons r e c o v e r a b l e  by s imple  p y r o l y s i s .  

P r o c e s s  r e s e a r c h  and development i n  s h a l e  o i l  p r o d u c t i o n  h a s  gone on f o r  
decades ,  bu t  t h e  once p l e n t i f u l  supp ly  of l o w  c o s t  pe t ro l eum c r u d e s  made t h e  econ- 
omics  o f  such p r o c e s s e s  v e r y  un favorab le .  The r e c e n t  s h o r t a g e s  and c o s t  e s c a l a t i o n  
of petroleum c rudes  have renewed i n t e r e s t s  i n  "unconvent ional"  raw m a t e r i a l  s o u r c e s  
such a s  c o a l  and o i l  s h a l e .  

S e v e r a l  p r o c e s s e s  f o r  above ground r e t o r t i n g  of o i l  s h a l e ,  which have been 
under  development f o r  some t ime,  i n c l u d e  t h e  TOSCO-11, PARAHO, and Union technolo-  
g i e s . ' )  S h e l l  had p a r t i c u l a r  i n t e r e s t s  i n  t h e  f i r s t  two. The TOSCO (The O i l  S h a l e  
Company) p r o c e s s  u s e s  ho t  b a l l s  t o  h e a t  p rehea ted  s h a l e  i n  a r o t a r y  k i l n  t o  r e t o r t i n g  
t empera tu res .  The s h a l e  i s  p r e h e a t e d  d u r i n g  s t a g e d ,  pneumatic t r a n s p o r t  u s ing  f l u e  
g a s  from t h e  r e t o r t  b a l l  h e a t e r .  The PARAHO r e t o r t  i s  a v e r t i c a l  k i l n  employing a 
downward moving rock bed w i t h  upflowing r e c y c l e  gas  and combust ion p r o d u c t s  which 
sweep r e t o r t e d  hydrocarbons from t h e  v e s s e l .  The Union p r o c e s s  is s imi la r  bu t  
u t i l i z e s  an upward f low of c rushed  s h a l e .  Sha le  is in t roduced  a t  t h e  bot tom of t h e  
k i l n  and pushed upward by an  a i r  l o c k ,  mechanical  "rock pump". F l u i d i z e d  bed r e t o r t -  
i n g  of o i l  s h a l e  was proposed i n  t h e  e a r l y  f i f t i e s  b u t  was neve r  developed t o  a 
commercial  s t a t e .  

The TOSCO-I1 p r o c e s s  i s  c a p i t a l  i n t e n s i v e  because  i t  r e q u i r e s  a l a r g e  
volume o f  h e a t i n g  g a s e s  and mechan ica l ly  complex equipment;  t h e  PARAHO and Union 
p r o c e s s e s  a r e  a l s o  c a p i t a l  i n t e n s i v e  because  they  have long r e s i d e n c e  t ime  r e q u i r e -  
ments  t h a t  e n t a i l  massive hardware.  The PARAHO p r o c e s s  i s ,  however,  h e a t  e f f i c i e n t  
a s  a r e s u l t  o f  c o u n t e r c u r r e n t  s h a l e  and g a s  f lows .  But t h e  TOSCO p r o c e s s ,  a l t h o u g h  
hav ing  some degree  o f  h e a t  r ecove ry ,  u s e s  h e a t  r e l a t i v e l y  i n e f f i c i e n t l y .  

The purpose o f  t h i s  work was t o  deve lop  a new r e t o r t i n g  p r o c e s s  o f  r e l a -  
t i v e l y  low c a p i t a l  c o s t  t h a t  i s  mechan ica l ly  s imple ,  h i g h l y  r e l i a b l e ,  and u s e s  h e a t  
e f f i c i e n t l y .  
is a f l u i d i z a t i o n  bed p r o c e s s  conceived f o r  t h e  r e t o r t i n g  o f  o i l  s h a l e .  The f l u i d -  
i z a t i o n  mode r e f e r r e d  t o  i n  t h i s  d i s c u s s i o n  a p p l i e s  t o  a r a n e e  of s u p e r f i c i a l  g a s  
v e l o c i t i e s  between t h o s e  used f o r  r i s e r  t r a n s p o r t  and dense  bed o p e r a t i o n  i n  p rocess -  
es such as c a t a l y t i c  c r a c k i n g .  By t h i s  mode, s h a l e  can  be m a d e  t o  f low upward, 
c o u n t e r c u r r e n t l y  t o  l a r g e r  h e a t - c a r r i e r  p e l l e t s  t h a t  f a l l  t h rough  t h e  f l u i d i z e d  
mix tu re .  T h i s  coun te r f low of  h e a t - c a r r i e r  p e l l e t s  and r e l a t i v e l y  c o a r s e  s h a l e  
p a r t i c l e s  is t h e  b a s i c  i d e a  around which n o v e l ,  smal l  s i z e d ,  t h e r m a l l y  e f f i c i e n t  and 
economical ly  v i a b l e  p r o c e s s e s  have been conce ived .  
may have p o t e n t i a l  a p p l i c a b i l i t y  i n c l u d e  numerous c o a l s ,  l i g n i t e ,  wood and b a r k  
waste, a g r i c u l t u r a l  r e s i d u e s ,  b i o t r e a t e r  s l u d g e s ,  and i n d u s t r i a l  and mun ic ipa l  s o l i d  

The p r o c e s s ,  (') termed SPHER f o r  S h e l l  P e l l e t  Heat Exchange R e t o r t i n g ,  

O the r  f e e d s t o c k s  t o  which SPHLR 
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wastes. Some s p e c i f i c  p r o c e s s  d e s c r i p t i o n s ,  w i th  some v a r i a t i o n s ,  a r e  d i s c u s s e d  
below. 

B r i e f  D e s c r i p t i o n  of P r o c e s s  Applied t o  O i l  Sha le  

The SPHER p r o c e s s  as o r i g i n a l l y  conceived i s  shown s c h e m a t i c a l l y  i n  F igu re  
T h i s  c o n c e p t u a l  d e s i g n  produces 55,000 bb l /day  (7575 t / d ) *  of raw s h a l e  o i l  from 1. 

66,000 ton /day  (60,000 t / d )  of 35 g a l / t o n  ( 1 3 . 6 % ~ )  o i l  s h a l e .  I t  can be seen  t h a t  
t h e r e  a r e  two l o o p s  f o r  c i r c u l a t i o n  of h e a t  c a r r y i n g  b a l l s .  The c o o l  b a l l  loop 
c a r r i e s  h e a t  from t h e  h e a t  r ecove ry  column t o  t h e  p r e h e a t e r .  The h o t  b a l l  loop 
c a r r i e s  h e a t  from t h e  b a l l  h e a t e r  t o  t h e  r e t o r t .  

S h a l e  i s  crushed o r  ground to a f l u i d i z a b l e  s i z e ;  p r e f e r a b l y  a s  l a r g e  a s  
i s  compa t ib l e  w i t h  h e a t  t r a n s f e r  r equ i r emen t s  and r eady  s e p a r a t i o n  from hea t - ca r ry ing  
b a l l s .  I n i t i a l  work i n d i c a t e s  t h a t  1/16-inch (1.6 mm) minus s h a l e  and 1 / 4  (6  mm) O K  

5 /16  (8 mm) i n c h  b a l l s  a r e  d e s i r a b l e .  

The s h a l e  i s  p r e h e a t e d  i n  a f a s t - f l u i d i z e d  ( e n t r a i n i n g )  bed by o u t e r  l o o p ,  
h e a t - c a r r y i n g  b a l l s  t h a t  r a i n  through t h e  bed i n  c o u n t e r c u r r e n t  f a s h i o n  (F igu re  2 ) .  
With a i r  as t h e  f l u i d i z i n g  medium, p r e h e a t i n g  i s  l i m i t e d  t o  abou t  600°F (315OC) be- 
c a u s e  t h e r e  is  dange r  from a u t o - i g n i t i o n ,  which is t i m e ,  t empera tu re ,  and oxygen 
dependent .  3, 
(343'C) by t h e  o n s e t  of ke rogen  p y r o l y s i s .  

With o t h e r  nonox id iz ing  g a s e s ,  p r e h e a t i n g  i s  l i m i t e d  t o  abou t  650'F 

I n  a dense-phase f l u i d i z e d  bed t h e  p rehea ted  s h a l e  i s  f u r t h e r  hea ted  t o  and  
h e l d  a t  t h e  r e t o r t i n g  t e m p e r a t u r e  f o r  s u f f i c i e n t  t ime  t o  complete  t h e  p y r o l y s i s  re- 
a c t i o n s  ( F i g u r e  3 ) .  The t o t a l  i n v e n t o r y  of s h a l e  i n  t h e  r e t o r t i n g  v e s s e l  i s  d e t e r -  
mined by t h e  r e q u i r e d  r e s i d e n c e  t ime f o r  complete  kerogen conve r s ion  and t h e  s h a l e  
th roughpu t .  The r e t o r t  h e a t  r equ i r emen t s  a r e  s u p p l i e d  by ceramic b a l l s  which c i r -  
c u l a t e  i n  t h e  i n n e r  l o o p .  They a r e  r ehea ted  i n  a s e p a r a t e  v e s s e l  which may o p e r a t e  
as a moving bed,  r a i n i n g  p e l l e t  bed,  o r  e n t r a i n e d  f low h e a t e r .  

The s p e n t  s h a l e  i s  coo led  i n  a f a s t - f l u i d i z e d  bed by t h e  r e c i r c u l a t e d  c o o l  
p e l l e t s  f r o m  t h e  p r e h e a t e r .  I n  t h i s  manner,  c o u n t e r c u r r e n t  f l ow o f  h e a t  c a r r i e r s  
and t h e  s h a l e  a s s u r e s  e f f i c i e n t  energy u t i l i z a t i o n .  T h i s  c h a r a c t e r i s t i c  is a pr ime 
advan tage  of t h e  p r o c e s s .  

Most c o n d i t i o n s  and f e a t u r e s  o f  t h e  c o n c e p t u a l  p r o c e s s  a r e  chosen t o  a s -  
sure h igh  th roughpu t s  ( s m a l l  equipment) and hence r e l a t i v e l y  low c a p i t a l  and f i x e d  
c o s t s .  These i n c l u d e  t h e  c h o i c e  of f l o w  reg imes ,  h e a t  c a r r i e r s  ( d e n s i t y  and h e a t  
c a p a c i t y )  and t h e  s o l i d s - t o - g a s  weight  r a t i o s .  A t t endan t  f e a t u r e s  0:  t h e  p r o c e s s ,  
such as b a f f l e  d e s i g n  and g a s  r o u t i n g ,  a r e  chosen t o  a c h i e v e  o p e r a b i l i t y  and optimum 
ope ra  t i o n .  

S e g r e g a t i o n  of  t h e  two b a l l  l o o p s  p e r m i t s  t h e  t a i l o r i n g  of t h e  b a l l  mate- 
r i a l ,  shape and s i z e  t o  each  s p e c i f i c  t a s k .  C i r c u l a t i o n  o f  b a l l s  i n  t h e  o u t e r  l o o p  
is a r e l a t i v e l y  low t e m p e r a t u r e  o p e r a t i o n  and i s  d e d i c a t e d  to  h e a t  t r a n s f e r .  There-  
f o r e ,  d e s i r e d  b a l l  p r o p e r t i e s  i n c l u d e  h i g h  h e a t  c a p a c i t y ,  small s i z e  o r  l a r g e  h e a t  
t r a n s f e r  s u r f a c e ,  e r o s i o n  r e s i s t a n c e ,  and low c o s t .  Hence, a pea g r a v e l  may be 
s u i t a b l e .  
h e a t  r ecove ry  s e c t i o n .  The u s e  o r  the s m a l l e s t  b a l l s  s e p a r a b l e  from t h e  s h a l e  i n -  
c r e a s e s  h e a t  t r a n s f e r  and r educes  t h e  s i z e  o f  t h e  exchange v e s s e l  r e q u i r e d .  

Cor ros ion  r e s i s t a n c e  may n o t  b e  needed u n l e s s  condensa t ion  o c c u r s  i n  t h e  

In c o n t r a s t ,  c i r c u l a t i o n  o f  b a l l s  i n  t h e  i n n e r  loop i n v o l v e s  t h e  b a l l  
h e a t e r  and r e t o r t  where h igh  t e m p e r a t u r e s  and l o n g e r  r e s i d e n c e  t imes a r e  r e q u i r e d .  
React ion r a t e  r a t h e r  t h a n  h e a t  t r a n s f e r  i s  expec ted  t o  b e  t h e  c o n t r o l l i n g  f a c t o r  i n  
t h e  r e t o r t  d e s i g n .  In  o r d e r  t o  ach ieve  t h e  r e s i d e n c e  t ime  needed f o r  h igh  conversion 

*ton=2300 pounds,  t = m e t r i c  ton= 1000kg. 
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a pseudo plug-f low d e v i c e  such  a s  a r o t a r y  k i l n  o r  a s t a g e d ,  dense-phase f l u i d i z e d  
bed may b e  d e s i r a b l e .  S i n c e  h e a t  t r a n s f e r  is n o t  c o n t r o l l i n g ,  t h e  b a l l s  can b e  
l a r g e r  f o r  e a s i e r  s e p a r a t i o n  from s h a l e  b u t  t hey  must s t i l l  be s m a l l  enough t o  per-  
m i t  pneumatic  t r a n s p o r t .  
shock,  chemical  a t t a c k  by t h e  h o t  g a s e s  and s p e n t  s h a l e  and exposure t o  h igh  
t empera tu res .  Thus, t h e  c h o i c e  of t h e  i n n e r  l o o p  b a l l s  i s  l i m i t e d  t o  materials 
such a s  ceramics .  

D e t a i l e d  P rocess  D e s c r i p t i o n  

These i n n e r  l o o p  b a l l s  must a l s o  b e  r e s i s t a n t  t o  the rma l  

A more p r o c e s s  o r i e n t e d  schemat i c  of t h e  p r o c e s s  i s  shown i n  F i g u r e  4 .  

Sha le  Feed P r e p a r a t i o n  

Sha le  p r e p a r a t i o n  f o r  SPHER r e q u i r e s  more energy than  i t  does  f o r  p rocess -  
es such a s  TOSCO-I1 i n  t h a t  t h e  l a r g e r  c rushed  s h a l e  used i n  TOSCO-11, e . g . ,  1 / 2 -  
i n c h  (13mm) minus,  must b e  reduced t o  a r e a d i l y  f l u i d i z a b l e  s i z e ,  e . g .  1 /16 - inch  
(1.6mm) minus,  f o r  u s e  i n  SPHER. Gr ind ing  by s e p a r a t i n g  and r e c y c l i n g  c o a r s e  s h a l e  
i s  expected t o  produce a b e t t e r  s i z e  r ange  w i t h  less f i n e s  than  once-through g r ind -  
i n g  i s  f o r  t h e  same maximum p a r t i c l e  s i z e .  S e p a r a t i o n  of s h a l e  wi th  t h e  d e s i r e d  s i z e  
from o v e r s i z e d  m a t e r i a l  may be accomplished by e l u t r i a t i o n  wi th  gas  o r  by s c r e e n i n g .  
The recovered c o a r s e  s h a l e  is conveyed back t o  t h e  g r i n d e r .  Sha le  w i t h  t h e  d e s i r e d  
top  s i z e  may then  be pneumat i ca l ly  t r a n s p o r t e d  t o  a f e e d  hopper o r  s t a n d p i p e .  

P r e h e a t e r  

F i g u r e  2 is a schemat i c  of t h e  p r e h e a t  s e c t i o n .  

Ground raw s h a l e  is al lowed t o  s l i d e  i n t o  o r  i s  pneumat i ca l ly  t r a n s p o r t e d  
( a  minimal volume f low)  i n t o  t h e  lower p a r t  of t h e  p r e h e a t e r .  A s t a n d p i p e  of s h a l e  
s e r v e s  as a r e s i s t a n c e  s e a l  t o  pu rg ing  g a s  and a l l o w s  t h e  p r e h e a t e r  t o  b e  p r e s s u r -  
i z e d  by t r a n s p o r t i n g  gas .  Although a s l i d e  v a l v e  n e a r  t h e  bot tom of t h e  s t a n d p i p e  
should p rov ide  adequa te  f low c o n t r o l  f o r  t h e  s h a l e ,  a f l a p p e r  v a l v e ,  screw f e e d e r ,  
o r  r o t a r y  l o c k  may b e  cons ide red  a s  o p t i o n s .  

The s h a l e  i s  c a r r i e d  up,  c o u n t e r c u r r e n t  t o  t h e  r a i n i n g  p e l l e t s ,  a s  a fas t -  
f l u i d i z e d  bed bv compressed g a s  ( a i r  o r  m i x t u r e s  of a i r  and f l u e  g a s  o r  r e c y c l e  
p r o c e s s  g a s ) .  The p rehea ted  s h a l e  i s  t h e n  r ecove red  a t  t h e  top of t h e  p r e h e a t e r  i n  
h i g h - e f f i c i e n c y ,  high-load c y c l o n e s .  Extremely f i n e  d u s t  may b e  c a r r i e d  by e l u t r i a -  
t i o n  t o  t h e  b a l l  h e a t e r  when a i r  o r  a i r  c o n t a i n i n g  m i x t u r e s  a r e  used f o r  conveying.  
Thus, t h e  energy c o n t e n t  of even t h e  f i n e s t  s h a l e  d u s t  can be r ecove red  w i t h o u t  r f -  
q u i r i n g  expensive d u s t - c o n t r o l  equipment d u r ~ n g  t h e  p r e p a r a t i o n  of s h a l e  f o r  r e t o r t -  
i n g .  A s  conce ived ,  t h e  u s e  of s t andp iDes  and p rope r  r o u t i n g  g a s  s t r e a m s  r educes  the  
necessa ry  number of a i r  and g a s  compressors  and a l s o  a i d s  i n  h e a t  r e c o v e r y .  I n  t h i s  
f a s h i o n ,  p r e s s u r e  b a l a n c e  a c r o s s  t h e  whole system is ach ieved  w i t h  s u f f i c i e n t  e x t r a  
p r e s s u r e  d i f f e r e n t i a l  a v a i l a b l e  f o r  p r o c e s s  c o n t r o l .  

Warm (%625'F, -330'C) b a l l s ,  pneumat i ca l ly  t r a n s p o r t e d  from t h e  h e a t  recovery 
s e c t i o n ,  a r e  r ecove red  a t  t h e  t o p  of t h e  p r e h e a t e r  by a c y c l o n i c  s e p a r a t o r  i n t o  a 
s u r g e  hopper .  From t h e  hopper  t h e y  a r e  admi t t ed  i n  c o n t r o l l e d  f low t o  t h e  upper  
p a r t  of t h e  p r e h e a t e r  through a n  a p p r o p r i a t e  c o n t r o l  v a l v e  and s t eam purge  system. 
A c o n i c a l  ( o r  o t h e r  shaped)  d e f l e c t o r  i s  d e s i r a b l e  t o  d i s p e r s e  t h e  b a l l  s t r e a m  
un i fo rmly .  Balls f a l l  under  t h e  i n f l u e n c e  of g r a v i t y  a g a i n s t  t h e  r i s i n g  s t r e a m  of 
f a s t - f l u i d i z e d  s h a l e .  The r ange  of c o n d i t i o n s  under  which c o u n t e r c u r r e n t  f l ow will 
e x i s t  i s  be ing  s t u d i e d .  The smallest b a l l s ,  i . e . ,  t h o s e  w i t h  t h e  h i g h e s t  s u r f a c e -  
to-volume r a t i o ,  t h a t  w i l l  f a l l  s u f f i c i e n t l y  f a s t  through t h e  p r e h e a t e r  a t  an  econ- 
omical  s h a l e  mass f l u x  are  d e s i r a b l e  f o r  e f f e c t i v e  h e a t  exchange. 

Balls c o l l e c t i n g  a t  t h e  bot tom o f  t h e  p r e h e a t e r  i n  an  a p p r o p r i a t e l y  d i -  
mensioned boot  a r e  s t r i p p e d  of s h a l e  p a r t i c l e s  by e l u t r i a t i n g  gas .  Under i d e a l  
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c o n d i t i o n s ,  t h e  l a r g e s t  s h a l e  p a r t i c l e s  t h a t  can b e  r e a d i l y  e l u t r i a t e d  from between 
t h e  p e l l e t s  a r e  abou t  h a l f  t h e  s i z e  of t h e  p e l l e t s .  I n  p r a c t i c e  t h e  s e p a r a t i o n  i s  
more e f f i c i e n t  when t h e  b a l l l s h a l e  s i z e  r a t i o  i s  4 - 5 .  
i n t o  a t r a n s p o r t  l i n e  where they  a r e  pneumat i ca l ly  conveyed t o  t h e  s h a l e  h e a t  r e -  
covery s e c t i o n .  

Balls d rop  by c o n t r o l l e d  f low 

The c o u n t e r c u r r e n t  raining-ball/fast-fluidized f low regime must be ope ra t ed  
so t h a t  s t a g i n g  is e f f e c t e d ,  i . e . ,  backnixing must be e f f e c t i v e l y  r e t a r d e d .  Tenper- 
a t u r e  approaches were i n i t i a l l y  assumed t o  be 75°F (42'C) a t  t h e  t o p  and 50°F (28°C) 
a t  t h e  bot tom of t h e  p r e h e a t  v e s s e l .  Any i n c r e a s e  i n  holdup of t h e  b a l l s  i n  c o n t a c t  
w i th  s h a l e  v l i l l  r educe  t h e  h e i g h t  of v e s s e l  r e q u i r e d .  
of b a l l s  a r e  bo th  accomplished by a sys t em of b a f f l e s  a n d / o r  g r i d  p l a t e s .  With such 
d e s i g n s  i t  is  i m o o r t a n t  t o  avo id  dead h o t  s p o t s  v h e r e  s h a l e  might  accumulate  because 
spontaneous i g n i t i o n  o f  s h a l e  might  occur  i f  a i r  i s  used a s  t h e  t r a n s p o r t i n g  gas .  

Inc reased  s t a g i n g  and holdup 

Due t o  v a p o r i z a t i o n  of wa te r  i n  t h e  p r e h e a t e r  i t  may be d e s i r a b l e  t o  in -  
c r e a s e  t h e  d i a m e t e r  o f  t h e  p r e h e a t e r  w i t h  i n c r e a s i n g  h e i g h t  t o  m a i n t a i n  r e l a t i v e l y  
c o n s t a n t  f l ow c o n d i t i o n s .  A t  proposed p r e h e a t e r  t e m p e r a t u r e s ,  t h e  s h o r t  r e s idence  
t i m e  i n  t h e  p r e h e a t e r  shou ld  a l l o w  a i r  t o  be used a s  a t r a n s p o r t i n g  gas  wi thou t  spon- 
taneous i g n i t i o n  and w i t h  l i t t l e  s h a l e  d e g r a d a t i o n  and y i e l d  l o s s .  D i l u t i o n  of 
t r a n s p o r t  a i r  w i t h  f l u e  g a s  may be used t o  pe rmi t  a h i g h e r  p r e h e a t i n g  t empera tu re  
wi thou t  i g n i t i o n .  The u s e  of a i r  as t h e  e n t r a i n i n g  gas  i n  t h e  p r e h e a t e r  pe rmi t s  t h e  
f i n e s t  o i l  s h a l e  d u s t  and any p rema tu re ly  evolved hydroca rbons  t o  b e  economical ly  
burned i n  t h e  b a l l  h e a t e r .  Thus, combustion a i r  i s  a l s o  p rehea ted  i n  t h e  s h a l e  
p r e h e a t e r .  By o p e r a t i n g  t h e  p r e h e a t e r  i n  coun te r f low w i t h  a t empera tu re  approach of 
- <100"F (55"C),  o v e r h e a t i n g  of s m a l l  p a r t i c l e s  i s  a v o i d e d .  

R e t o r t  

F i g u r e  3 d e p i c t s  t h e  r e t o r t  s e c t i o n  of t h e  r a i n i n g  p e l l e t  p rocess .  

Sha le  e n t r a i n e d  from t h e  p r e h e a t e r  i s  f ed  t o  t h e  l o v e r  p o r t i o n  of t h e  r e -  
t o r t  through a h igh - load ,  h i g h - e f f i c i e n c y  s e p a r a t o r  and s u r g e  hopper  !:!ith a e r a t i o n ) .  
T h e  s h a l e  f eed  r a t e  to t h e  r e t o r t  is c o n t r o l l e d  i n  t h e  same way a s  i t  is t o  t h e  
p r e h e a t e r .  

Steam o r  g a s  i n j e c t i o n  is r e q u i r e d  a t  t h e  bottom of t h e  r e t o r t  t o  s t a r t  
t h e  f l u i d i z a t i o n .  However, some o r  a l l  of  t h i s  g a s  may be f i r s t  used i n  t h e  b a l l  
s t r i p p i n g  s e c t i o n .  Vapor e m i t t e d  by r e t o r t i n g  adds  g r e a t l y  t o  t h e  v o l u m e t r i c  flow 
of f l u i d i z i n g  g a s  as i t  r i s e s  up through t h e  r e t o r t .  The v e s s e l  c r o s s - s e c t i o n  i s  
i n c r e a s e d  a c c o r d i n g l y  t o  m a i n t a i n  c o n s t a n t  c o n d i t i o n s  f o r  t h e  dense  f l u i d i z e d  bed. 

Rot h e a t  c a r r y i n g  b a l l s  ( a t  abou t  1400°F, 760OC) are added t o  t h e  top  of 
t h e  r e t o r t  i n  t h e  same manner a s  they  a r e  t o  t h e  p r e h e a t e r ,  b u t  i n  s e p a r a t e  s t r eams  
t o  d i f f e r e n t  l e v e l s  i n  t h e  r e t o r t .  T h i s  a v o i d s  o v e r h e a t i n g  (and c r a c k i n g )  a t  t h e  
top o f  t h e  r e t o r t .  The b a l l  d i a m e t e r s  shou ld  be abou t  l / 4 - i n c h  (6mm) t o  a s s u r e  a 
r e a s o n a b l e  f a l l  v e l o c i t y  (0.25 f p s ,  0.08m/s) t h rough  t h e  dense-phase f l u i d i z e d  bed 
o f  s h a l e .  

The b a l l s  c o l l e c t  i n  a boot  a t  t h e  bot tom o f  t h e  r e t o r t  and a r e  s t r i p p e d  
Of s h a l e  f i nes  i n  a n  e l u t r i a t i n g  s e c t i o n .  Supe rhea ted  s t eam (1200°F, 650OC) pro- 
v i d e s  bo th  t h e  s t r i p p i n g  a c t i o n  and t h e  f e e d  s h a l e  f l u i d i z i n g  a c t i o n .  The cooled 
b a l l s  (900"F, 480°C) a re  t h e n  r e c i - r c u l a t e d  pneumat i ca l ly  t o  t h e  b a l l  h e a t e r  f o r  
r e h e a t i n g .  A i r  f o r  t h e  b a l l  l i f t  i s  combined w i t h  a i r  from t h e  p r e h e a t e r  cyc lones  
and w i t h  a t h i r d  a i r l f u e l - g a s  s t r e a m  t o  p r o v i d e  t h e  d e s i r e d  f u e l  m i x t u r e  f o r  t h e  
b a l l  h e a t e r .  

P rocessed  s h a l e  is  removed a t  t h e  t o p  of t h e  r e t o r t .  A c i r c u m f e r e n t i a l  
w e i r  i s  provided t o  m a i n t a i n  a c o n s t a n t  bed h e i g h t  i n  t h e  upper  s t a g e .  E n t r a i n e d  
s h a l e  p a r t i c l e s  are removed from t h e  p roduc t  vapor  by h i g h - e f f i c i e n c y  cyc lones  
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l o c a t e d  i n  t h e  vapor  disengagement  s e c t i o n .  The dimensions of t h i s  t op  s e c t i o n  a r e ,  
i n  f a c t ,  determined by t h e  cyc lone  c o n f i g u r a t i o n .  Superheated s team (1200°F, 650'C) 
is i n j e c t e d  i n  an  e f f o r t  t o  e l i m i n a t e  condensa t ion  cok ing  i n  t h e  vapor  s e c t i o n .  

Adsorbed and e n t r a i n e d  vapor s  a r e  removed from t h e  r e t o r t e d  s h a l e  by s t eam 
i n  t h e  s p e n t  s h a l e  s t r i p p e r .  
The overhead p roduc t s  from t h e  s p e n t  s h a l e  s t r i p p e r  a r e  combined w i t h  t h e  r e t o r t  
vapor s  and a r e  f u r t h e r  supe rhea ted  w i t h  s t eam t o  r educe  condensa t ion  coking and 
quenched wi th  f r a c t i o n a t o r  bottoms i n  a quench tower.  

S t r i p p e d  s h a l e  i s  s e n t  t o  t h e  h e a t  r ecove ry  s e c t i o n .  

S t a g i n g  o f  t h e  r e t o r t  can r educe  t h e  a v e r a g e  r e s i d e n c e  t ime  r e q u i r e d  f o r  
a g iven  hydrocarbon y i e l d .  
h o r i z o n t a l  g r i d s  spaced ,  f o r  example,  a t  t en - foo t  i n t e r v a l s  of h e i g h t .  However, s i n c e  
s t a g i n g  may a l s o  i n t r o d u c e  an unwanted t empera tu re  g r a d i e n t  a c r o s s  t h e  r e t o r t ,  a s ing le -  
s t a g e  d e s i g n  may be f avored .  

T h i s  s t a g i n g  cou ld  be ach ieved  by add ing  r e s t r i c t i v e  

P y r o l y s i s  d a t a  i n d i c a t e  t h a t  a r e l a t i v e l y  long ( s e v e r a l  minu te s )  r e s i d e n c e  
i lence,  h e a t  t r a n s f e r  is no t  l i m i t i n g  t ime  i s  r e q u i r e d  f o r  t h e  r e t o r t i n g  r e a c t i o n 4 ) .  

i n  t h e  r e t o r t  and l a r g e r  b a l l s  w i th  a lower  surface- to-volume r a t i o  may be used.  
La rge r  b a l l s  a r e  d e s i r a b l e  because,  i n t e r  a l i a ,  t h e i r  manufac tu r ing  c o s t  i s  l e s s .  
The maximum b a l l  d i ame te r  is  l i m i t e d  by t h e  a b i l i t y  t o  t r a n s p o r t  them pneumat i ca l ly  
and by t h e i r  s e t t l i n g  v e l o c i t y  through t h e  f l u i d i z e d  bed of s h a l e .  Thermal shock 
could a l s o  be a f a c t o r  t h a t  l i m i t s  b a l l  s i z e ,  About 1 /4 - inch  (6mm) d i a m e t e r  b a l l s  
may be a good compromise on s i z e ,  as mentioned above.  

Bal l  Heater  

The b a l l  h e a t e r  can be a moving bed ,  a r a i n i n g  p e l l e t  o r  a n  e n t r a i n e d  f low 
d e s i g n .  P rehea ted  a i r  from t h e  b a l l  l i f t  p i p e  p l u s  a i r  from t h e  p r e h e a t e r  and sup- 
p l emen ta l  a i r  and f u e l  form t h e  combust ion m i x t u r e  used t o  h e a t  t h e  b a l l s .  B a l l  
h e a t e r  f l u e  g a s  is r o u t e d  p a r t l y  t o  a was te  h e a t  b o i l e r  t o  r ecove r  ene rgy  i n  t h e  form 
of h igh -p res su re  s t eam and p a r t l y  t o  o t h e r  v e s s e l s  i n  t h e  p r o c e s s  t o  s e r v e  as a t r a n s -  
p o r t  gas .  Cooled g a s e s  a r e  then  scrubbed t o  remove bo th  p a r t i c u l a t e s  and any s u l f u r  
o x i d e s .  The p a r t i c u l a t e  s h a l e  d u s t  n a t u r a l l y  a b s o r b s  s u l f u r  o x i d e s  i n  t h e  wet 
s c rubbe r .  E x i t i n z  h o t  b a l l s  r e t u r n  t o  t h e  r e t o r t  through s e v e r a l  f e e d  s t a n d p i p e s .  

Heat Recovery 

The hea t  r ecove ry  s e c t i o n  i s  s i m i l a r  t o  t h e  p r e h e a t  s e c t i o n s .  

F a s t - f l u i d i z e d  r e t o r t e d  s h a l e  i s  coo led  from 990°F (482°C) to about  175'F 
(79'12) by c o n t a c t i n g  i t  c o u n t e r c u r r e n t l y  w i t h  b a l l s  from t h e  p r e h e a t  s e c t i o n .  S ince  
t h e  conveying ( f l u e )  g a s  i s  cooled and c o n t r a c t s  as i t  r i s e s ,  i t  may b e  d e s i r a b l e  t o  
r educe  t h e  v e s s e l  s i z e  a c c o r d i n g l y  i n  t h e  upper  p o r t i o n  t o  m a i n t a i n  t h e  d e s i r e d  f l o w  
ra te  of gas .  

E l u t r i a t e d  coo led  s h a l e  is s e p a r a t e d  i n  a h i g h - e f f i c i e n c y  s e p a r a t o r  and 
r o u t e d  t o  a m o i s t u r i z e r  i n  p r e p a r a t i o n  f o r  d i s p o s a l .  Gas from t h e  h e a t  r ecove ry  
u n i t  i s  wa te r  washed i n  a v e n t u r i  s c r u b b e r  and e x c e s s  wa te r  from t h e  s c r u b b e r  i s  used 
i n  t h e  m o i s t u r i z e r .  L i t t l e  wa te r  vapor  i s  g e n e r a t e d  i n  sc rubb ing  t h e  g a s  and w e t t i n g  
t h e  s p e n t  s h a l e  because  t h e  o u t l e t  t e m p e r a t u r e  of t h e  h e a t  r ecove ry  u n i t  is low 
(175'F, 79OC). Water u sage  i n  t h e  SPHCR p r o c e s s  i s ,  t h e r e f o r e ,  d e s i r a b l y  low. 

Problem Areas 

S ince  SPHER r e p r e s e n t s  t h e  a p p l i c a t i o n  o f  new regimes of f l u i d i z a t i o n  t o  
s h a l e  r e t o r t i n g ,  t h e r e  a r e  a number of q u e s t i o n s  t h a t  must be answered and f a c t o r s  
t h a t  must be q u a n t i f i e d .  Some have been answered by s imple  expe r imen t s ,  t h e  r e s u l t s  
of which would i n d i c a t e  e i t h e r  a "go" or  a "no go" on f u t u r e  work, and some f a c t o r s  
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w i l l  e v e n t u a l l y  r e q u i r e  demons t r a t ion  p l a n t  o p e r a t i o n  under  d e s i g n  c o n d i t i o n s  t o  
prove t h e  p r o c e s s .  F a c t o r s  of pr imary concern a r e  d i s c u s s e d  below. 

Heat T r a n s f e r  R a t e s  

P r o c e s s  e v a l u a t i o n s  have used a r a t e  c o e f f i c i e n t  of 90 Btu/sq f t / h r  OF 
(0.51 kw/m2/"C), based upon t h e  s u r f a c e  area of t h e  b a l l s .  
f e r  from f l u i d i z e d  beds  t o  submerged o b j e c t s  i n d i c a t e  t h a t  even h i g h e r  rates have 
been achieved,  b u t  t h e s e  h i g h  rates a r e  f u n c t i o n s  of bed d e n s i t y  and t h e  s i z e  of t h e  
f l u i d i z e d  p a r t i c l e s .  
f i n a l  e v a l u a t i o n s  and d e s i g n s .  

L i t e r a t u r e  d a t a  on t r a n s -  

Da ta  d i r e c t l y  a p p l i c a b l e  t o  t h e  SPHER system a r e  r e q u i r e d  f o r  

Flow Regimes 

The c o u n t e r c u r r e n t  f low of p e l l e t s  r e l a t i v e  t o  t h e  f a s t - f l u i d i z e d  s h a l e  and 
i t s  f l u i d i z i n g  g a s  s u g g e s t s  t h e  e x i s t e n c e  of l i m i t i n g  o r  f l o o d i n g  v e l o c i t i e s .  The 
impingement of s h a l e  p a r t i c l e s  upon p e l l e t s  (knockback e f f e c t )  r e t a r d s  t h e  upward 
f low of s h a l e  as w e l l  a s  t h e  f a l l  of t h e  p e l l e t s .  The s i z e  o f  t h e  e f f e c t  is d i f f e r -  
e n t  i n  dense-bed and f a s t - f l u i d i z e d  regimes.  I n  dense  beds ,  t h e  f a l l i n g  v e l o c i t y  of 
p e l l e t s  w i l l  be  about  1 / 4  f p s  (0.08 m / s )  w h i l e  i n  the  f a s t - f l u i d i z e d  bed t h e  f a l l i n g  
v e l o c i t y  i s  expec ted  t o  be l a r g e r .  
e q u a t i o n s  must b e  d e f i n e d .  These phenomena have been i n v e s t i g a t e d  on t h e  7-1/2-inch 
(19 cm) d i ame te r  co ld - f low u n i t .  
and b a l l  f l u x  r a t e  of 15 l b / s e c / f t 2  ( 7 3  kg/sec/m2) were achieved a t  s u p e r f i c i a l  gas  
v e l o c i t i e s  of 1 5  t o  20 f t / s e c  (4 .6  t o  6 . 1  m/s ) .  

O p e r a t i o n a l  windows and p r e s s u r e  drop/holdup 

Sha le  f l u x  rates of 10 l b / s e c / f t 2  (49 kg/sec/m2) 

S t a g i n g  

E f f i c i e n t  u s e  of  h e a t  and,  t o  a l e s s e r  e x t e n t  r e t o r t i n g  y i e l d ,  r e q u i r e  some 
c o u n t e r c u r r e n t  s t a g i n g  t o  a c h i e v e  t h e  ecomonic advan tages  expec ted  f o r  t h e  SPHED 
p r o c e s s .  About s i x  s t a g e s  a r e  d e s i r e d  f o r  t h e  p r e h e a t e r ,  f o u r  i n  t h e  h e a t  rect-very 
s e c t i o n  and two or t h r e e  s t a g e s  may be d e s i r e d  i n  t h e  r e t o r t .  

Gas - f lu id i zed  beds  a r e  b a s i c a l l y  u n s t a b l e  and they  t end  t o  have a h igh  de- 
g r e e  of backmixing due t o  c i r c u l a t i o n  p a t t e r n s  caused by r i s i n g  g a s  b u b b l e s .  Beds 
w i t h  a l a r g e  he igh t - to -d iame te r  r a t i o  (L/D) t end  t o  r e s t r i c t  t h i s  c i r c u l a t i o n  and 
i n c r e a s e  t h e  s t a g i n g  o f  f l u i d i z e d  s o l i d s .  Fo r  example,  t h e  S h e l l ' s  Anacor t e s  CCU 
r e g e n e r a t o r  (L/D 2 .5)  pe r fo rms  wi th  about  f o u r  s o l i d s  mixing s t a g e s .  

Pneumatic l i f t  p i p e s  ( r i s e r s )  f o r  s o l i d s  do n o t  e x h i b i t  l a r g e  eddy mixing 
c u r r e n t s  bu t  t hey  do h a v e  r a d i a l  v e l o c i t y  p r o f i l e s  t h a t  peak toward t h e  c e n t e r  of 
t h e  p i p e .  I t  i s  even p o s s i b l e  ( a t  lower v e l o c i t i e s )  f o r  s o l i d s  i n  r i s e r s  t o  flow 
down a long  t h e  w a l l .  c r ack ing  f e e d  risers (L/D 2 20) e x h i b i t  4 t o  6 s o l i d s  
mixing S tages .  The v e l o c i t y  p r o f i l e  f l a t t e n s  (approaches p lug  flow) w i t h  i n c r e a s i n g  
p i p e  d i ame te r  b u t  becomes more peaked w i t h  i n c r e a s e d  s o l i d s  l o a d i n g  and dec reased  
v e l o c i t y .  

C a t a l y t i c  

Determinati .on of s t a g i n g  and mixing o f  s o l i d s  i n  t h e  r a i n i n g  p e l l e t  systeir: 
may r e q u i r e  l a r g e  test f a c i l i t i e s .  

Agglomeration and D e f l u i d i z a t i o n  

Two p o s s i b l e  problems a r i s e :  (1)  ground s h a l e  c o n t a i n i n g  a s i z e a b l e  f r a c t i o n  
o f  1/16-inch-or- less  (1.6mm) p a r t i c l e s  w i l l  s e g r e g a t e  i n t o  c o a r s e  and f i n e  l a v e r  .. 
even under  moderate  f l u i d i z a t i o n  c o n d i t i o n s ,  and ( 2 )  t h e  ground s : la le  might beconic 
t acky ,  due t o  t h e  p r e s e n c e  o f  l i q u i d s  on t h e  s h a l e  s u r f a c e  under r e t o r t  c o n d i t i o n s .  
and d e f l u i d i z e  by agg lomera t ion .  

The q u e s t i o n  o f  agg lomera t ion  needs f u r t h e r  r e s o l u t i o n .  Small  s c a l e  exper-  
imen t s  i n d i c a t e d  d i r e c t  v a p o r i z a t i o n  o f  s h a l e  o i l  occu r red  d u r i n g  r e t o r t i n g  and no 
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agglomerat ion t endenc ie s  were noted.  However, agg lomera t ion  could t a k e  p l a c e  i n  co ld  
s p o t s  where hydrocarbon condensa t ion  might occur .  
are t o  avo id  co ld  s p o t s  and t o  p rov ide  s u f f i c i e n t  mixing of f r e s h  s h a l e  w i t h  i n e r t s  
( i . e . ,  w i t h  spen t  s h a l e )  t o  p r e v e n t  agg lomera t ion .  

Two requ i r emen t s  of r e t o r t  d e s i g n  

Overheat ing and I g n i t i o n  

A i r  w a s  o r i g i n a l l y  conceived as t h e  p r e h e a t e r  gas  f o r  t r a n s p o r t i n g  s h a l e  
b u t  use of an  i n e r t  g a s  may be p r e f e r r e d .  I f  s h a l e  i s  hea ted  i n  a i r  t o  a t empera tu re  
where r e t o r t i n g  p roceeds ,  t hen  a combus t ib l e  m i x t u r e  i s  formed and i g n i t i o n  can  occur .  
A t  a tmospheric  p r e s s u r e  t h i s  o c c u r s  a t  about  630°F ,  332'C. Local  s t a g n a t i o n  zones of 
s h a l e  n e a r  t h e  b a l l  i n l e t  shou ld  be avoided because they  might l e a d  t o  such  a 
c o n d i t i o n .  D i l u t i o n  w i t h  a n  i n e r t  g a s  or u s e  of ano the r  g a s  as a c a r r i e r  may be pre- 
f e r r e d  because b o t h  w i l l  pe rmi t  a b roade r  r ange  of o p e r a t i o n  wi thou t  t h e  p o s s i b i l i t y  
of s h a l e  i g n i t i o n .  

P r e s s u r e  Balance - O p e r a b i l i t y  

O v e r a l l  o p e r a t i o n ,  a s  i n  c a t a l y t i c  c r a c k i n g ,  depends on use  o f  s t a n d p i p e s  
t o  g e n e r a t e  t h e  p r e s s u r e  d i f f e r e n t i a l s  necessa ry  t o  cause  s h a l e  and b a l l s  t o  f low 
i n t o  t h e  p r o c e s s  v e s s e l s .  Excess  p r e s s u r e s  a r e  t a k e n  o u t  by s l i d e  v a l v e  c o n t r o l  
which a l s o  dampens t h e  t r a n s f e r  of p r e s s u r e  s u r g e s  between v e s s e l s .  

The h igh  p e r m e a b i l i t y  of t h e  s t a n d p i p e  m a t e r i a l ,  e s p e c i a l l y  of t h e  sphe res  
o r  p e l l e t s ,  w i l l  a l l o w  a p p r e c i a b l e  gas  l e a k a g e .  Adequate purge g a s e s  i n  t h e  s t a n d -  
p i p e  w i l l ,  t h e r e f o r e ,  be r e q u i r e d .  

B a l l  S e p a r a t i o n  and Recovery 

The r a i n i n g  b a l l s  must be s t r i p p e d  f r e e  of s h a l e  b e f o r e  be ing  removed f r o m  
a v e s s e l .  
h i g h  v e l o c i t y  (1 1 0  f p s ,  3 m/s) i n  a b a l l - c o l l e c t i o n  b o o t .  Th i s  might b e  a l a r g e  
f r a c t i o n  of t h e  f l u i d i z i n g  gas  i n  a v e s s e l  and r educes  t h e  q u a n t i t y  of gas a v a i l a b l e  
f o r  t r a n s f e r r i n g  s h a l e  i n t o  t h e  v e s s e l  above t h e  boo t .  

Th i s  can  b e  most r e a d i l y  done by use  of a s t r i p p i n g  g a s  a t  r e l a t i v e l y  

Genera t ion  of F i n e s  and Entrainment  of S h a l e  

Although r e t o r t i n g  of s h a l e  does n o t ,  i n  i t s e l f ,  g e n e r a t e  f i n e s  i t  does  
weaken t h e  p a r t i c l e s  so t h a t  t hey  are more r e a d i l y  a t t r i t a b l e .  P a r t i c l e  size d i s -  
t r i b u t i o n  r e p o r t e d  for a f l u i d i z e d  bed p r o c e s s  i s  l i s t e d  i n  Tab le  1. T h i s  p o t e n t i a l  
g e n e r a t i o n  of f i n e s  may no t  be s e r i o u s  f o r  SPHER s i n c e  o p e r a t i o n  w i l l  b e  once throug!] 
f o r  t h e  s h a l e  and r e s i d e n c e  t ime i n  v e s s e l s  w i t h  f l u i d i z e d  beds i s  o n l y  a few minu tes .  

Entrainment  o f  s h a l e  i n  gas  i n  t h e  p r e h e a t  and h e a t  r ecove ry  s e c t i o n s  i s  
t h e  b a s i c  mode o f  t r a n s p o r t  f o r  s h a l e .  I n  t h e  r e t o r t ,  e x c e s s i v e  en t r a inmen t  reduce 
t h e  r e s i d e n c e  t i m e  below t h a t  needed f o r  r e t o r t i n g  and e x t r a  s t e p s  may b e  r e q u i r e d  
f o r  r e t u r n i n g  s h a l e  f i n e s  t o  t h e  r e t o r t .  

In a l l  c a s e s ,  high-load and h i g h - e f f i c i e n c y  ( cyc lone )  s e p a r a t o r s  w i l l  be  
r e q u i r e d  t o  p reven t  e x c e s s i v e  c a r r y o v e r  of s h a l e  i n  gas  s t r eams  t o  o t h e r  p o r t i o n s  o f  
t h e  p r o c e s s .  These r ecove red  f i n e s  may need t o  be r e c y c l e d  t o  t h e  a p p r o p r i a t e  v e s s e l s  
i n  o r d e r  t o  i n s u r e  t h e  p rope r  c o n c e n t r a t i o n  of f i n e s  f o r  smooth f l u i d i z a t i o n .  

Choice o f  B a l l  M a t e r i a l  

The purpose of t h e  b a l l s  is t o  p rov ide  a means of conveying and exchanging 
h i g h l y  concen t r a t ed  h e a t  energy.  Thus, t hey  shou ld  have a high e x t e r n a l  s u r f a c e  a rea  
( i . e . ,  a small d i ame te r )  and a h igh  h e a t  c a p a c i t y .  However, t hey  must be l a r g e  enoug!, 
t o  be r e a d i l y  s e p a r a b l e  from t h e  s h a l e .  For e a s e  of s e p a r a t i o n  they  shou ld  have a 
h igh  d e n s i t y .  Tab le  2 l is ts  some p r o p e r t i e s  of c a n d i d a t e  m a t e r i a l s .  O the r  f a c t o r s  
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t o  c o n s i d e r  i n c l u d e  c o s t  and r e s i s t a n c e  t o  c o r r o s i o n ,  a b r a t i o n  and the rma l  shock. 
The q u a l i t v  of a m a t e r i a l  such as alumina i s  h i g h l y  dependent  upon i t s  method of 
manufacture  and t h e  s u i t a b i l i t y  of s p e c i f i c  a luminas  must be d e f i n e d .  

Erosion/Attrition/Thermal Shock 

The h i g h  v e l o c i t i e s  of b a l l s  i n  l i f t  p i p e s  and t h e  t u r b u l e n t  n a t u r e  of t h e  
f l u i d i z e d  beds  l e a d  t o  t h e  p o s s i b i l i t y  o f  e r o s i o n  of t h e  equipment and a t t r i t i o n  or 
f r a c t u r i n g  of t h e  b a l l s .  E ros ion  can be reduced by u s i n g  a b r a s i o n  r e s i s t a n t  r e f r a c -  
t o r y  l i n i n g s  i n  p i p e s .  
d e s i g n  to r educe  t h e  e f f e c t  of impact ion a t  elbows and o n  d e f l e c t i o n  p l a t e s .  

A t t r i t i o n  and f r a c t u r i n g  of b a l l s  can be reduced by p rope r  

Breakage by the rma l  shock is reduced by c o u n t e r c u r r e n t  o p e r a t i o n ,  which 
allows reduced t e m p e r a t u r e  g r a d i e n t s ,  and by a s m a l l  b a l l  s i z e ,  which reduces thermal 
s t r e s s e s .  

Conclusions 

A s  w i t h  most newly conceived p r o c e s s e s  t h e r e  i s  c o n s i d e r a b l e  development 
work t o  b e  done b e f o r e  SPHER is a mature  p r o c e s s .  T h i s  r e p o r t  s e r v e s  t o  p r e s e n t  t h e  
b a s i c  f e a t u r e s  of SPHER and t o  p o i n t  up some a r e a s  r e q u i r i n g  development work. 
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TABLE 1. PARTICLE SIZE DISTRIBUTIONS OF SHALE RETORTED BY TOSCO 
AND FLUIDIZED BED TECHNIQUES 

F l u i d i z e d  S p e n t  S h a l e a )  

S i z e  Range, !A P e r c e n t  

0-20 < 2 5  

20-60 5-15 

60-200 20-50 

2 00-400 20-30 

<400 <5 

a )  S e e  R e f e r e n c e  No. 5 

TABLE 2. PROPEIlTIES AND CIF.CULATIOII RATES OF 

CASDIDATE MATERIALS FOX OUTER BALL LOOP 

?la t e r ia l  
D e n s i t y  Heat  C a p a c i t v  
~- l b / f t 3  t / m 3  Btu/Lb°F Btu/Ft’’F Kcal /mj°C 

High  D e n s i t y  Alumina 2 3 1  
( c e r a m i c  h a l l s  used  
b y  Tosco)  

Aluminum 1 6 8  

S t e e l  497 

Lead 686  

G r a v e l  1 5 6  

3 . 7 0  0 .22  5 0 . 8  814 

2 . 6 9  0 . 2 3  38.8 622 

7.80 9 . 1 2  5 8 . 4  935  

1 0 . 9 9  0 . 0 3  20.6 330  

2 .50  0 . 2  31 .2  500  

6 7  
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